Isothiocyanate (ITC) is a small but reactive organo-sulfur containing group of compound present in cruciferous vegetables. Compendium of evidence indicated that ITCs exhibit multiple biological activities, but the exact molecular mechanisms are not yet clear. Therefore, this study was designed to compare the genome-wide gene expression profiles in hepatic and neuron cells following wasabi-derived ITCs treatment using microarray technology. Cells were treated with wasabi-derived ITCs, sulforaphane (SFN), 6-(methylsulfinyl)hexyl isothiocyanate (6-MSITC) and 6-(methylthio)hexyl isothiocyanate (6-MTITC), for 9 h and was followed by DNA microarray analyses using HG-U133 plus 2.0 oligonucleotide array. Selected gene products were confirmed by real-time PCR, and functional subsets of genes and biologically significant network were identified using Ingenuity Pathway Analysis. Results showed that 6-MTITC was the most potent inducer of gene expressions changes in HepG2 cells, whereas 6-MSITC was the most effective inducer in IMR-32 cells. Despite this cell-type response discrepancies, 6-MSITC came up as the strongest inducer of antioxidant-associated genes, via the regulation of the Nrf2-mediated pathway. These results combined with the varying induction level data of other Wasabi-derived ITCs form the basis for further studies to assess the possible therapeutic effect of combined Wasabi-derived ITCs treatment. Altogether, this study provided comprehensive information on how structural differences of Wasabi-derived ITCs contribute to its efficacy and impact specific targets.
INTRODUCTION
Isothiocyanate (ITC) is a small but reactive organosulfur containing molecule present in most cruciferous vegetables. Ever since the first report of its antitumor activity in vivo, ITCs continue to attract the attention of many researchers (Sidransky et al., 1966) . Recent studies showed that ITC sulforaphane (SFN) can network with numerous signaling pathways associated with carcinogenesis and modify epigenetic events (Myzak et al., 2006; Atwell et al., 2015) . The compound can also upregulate antioxidant-related enzymes and downregulate inflammatory mediators and cytokines in response to oxidative stress (Ye et al., 2013) . In addition, SFN is associated with the prevention of neurodegenerative diseases by inducing cytoprotective proteins (Tarozzi et al., 2013) .
In particular, studies revealed that the presence of high amount of ITCs in Japanese Wasabi contributes to its biological and pharmacological activities. For example, allyl-isothiocyanate (AITC) and 6-(methylsulfinyl) hexyl isothiocyanate (6-MSITC) can strongly inhibit the growth of Staphylococcus aureus, Escherichia coli, and Helicobacter pylori even at a very low concentration (Isshiki & Tokouka, 1993; Ono et al., 1998; Shin et al., 2004) . AITC can also promote weight loss by suppressing adipogenesis or lipogenesis (Kim et al., 2015) . Another Wasabi-derived ITC, 6-(methylthio) hexyl isothiocyanate (6-MTITC), showed to inhibit platelet aggregation and promote deaggregation more potent than aspirin (Kumagai et al., 1994) . On the other hand, 6-MSITC can prevent lipopolysaccharide (LPS)-induced macrophage activation, arachidonicor adenosine-diphosphate induced platelet activation and tumor cell proliferation in vitro (Okamoto et al., 2013) . In murine macrophage, RAW264, 6-MSITC exhibited anti-inflammatory activity by inhibiting cyclooxygenase-2 (COX-2) or interferon-γ (IFN-γ), and suppressing iNOS expression via inhibition of Jak2 mediated JNK signaling cascade (Uto et al., 2005a; Uto et al., 2007; Uto et al., 2005b) . Genomewide study in mouse macrophage demonstrated the anti-inflammatory function of 6-MSITC via regulation of chemokines, interleukins and interferons (Chen et al., 2010) . The extract of Wasabi was also found to enhance adiponectin secretion, and inhibit tumor necrosis factor-α (TNF-α)-stimulated lipolysis and IL-6 secretion comparable to an anti-diabetic drug, troglitazone (Babish et al., 2010) . However, conflicting results were published on its anti-oxidant potency. Studies of Ryu et al. (2007) and Lee (2008) showed that water extract is more potent inhibitor of radicals than alcohol extract. Whereas, Shin et al. (2014) revealed that alcohol extracts had higher radical scavenging activity than the water extract. Irrespective of the contradictory figures, evidence showed that Wasabi possesses antioxidant function. Thus, compendium of evidence suggests that Wasabi cannot only be used as a condiment but can be also utilized for prevention and cure of some diseases. However, limited studies are available dealing with its global-wide mechanisms to exert pharmacological effects.
With the rise of nutrigenomics research, studies that provide molecular biomarkers or gene expression patterns due to the whole diet or individual dietary constituents are now feasible. These studies are of great help to the improvement of a person's wellbeing. However, to attain this purpose, the need of a high throughput functional genomic technique such as microarray is crucial. Microarray technique is a robust and suitable technique for gene-diet interaction research studies for it permits scholars to identify the therapeutic function of a natural food component and at the same time allows us to understand why and how some natural foods may induce varying gene responses. Therefore, this study was designed to compare the global changes in transcript levels and the underlying genes targeted by Wasabi-derived ITCs in hepatic cells with that of neuronal cells using microarray-based technology. Multiple ITC samples with structural variabilities were designed to identify the impact of structural difference towards biological functions of Wasabi-derived ITCs. cDNA microarray is applied to acquire novel information regarding the effect of the particular Wasabi-derived ITCs at the genome-wide level. Furthermore, different cell lines were chosen as in vitro models to demonstrate distinct gene expression patterns in response to ITCs stimulation in cells of hepatic versus neuronal origin. Altogether, the approach of this study would provide novel information how structural differences of Japanese Wasabi-ITCs contribute to its efficacy and affect specific targets. 400 ng RNA was amplified using Eukaryotic Poly-A RNA control kit (Affymetrix, Santa Clara, CA, USA) and GeneChip® One-cycle cDNA synthesis kit (Affymetrix, Santa Clara, CA, USA), following the manufacturer's protocol to generate cDNA, followed by in vitro transcription and biotin labeling to generate labelled cRNAs using GeneChip® in vitro transfection kit (Affymetrix, Santa Clara, CA, USA). The fragmented and biotin-labelled cRNAs were hybridized to Human Genome (HG) U133 Plus 2.0 oligonucleotide arrays (GeneChip®, Affymetrix, Santa Clara, CA, USA) containing about 54,000 probe sets, followed by washing to remove unbound cRNAs.
Data Analysis. Hybridized fluorescence was scanned using Affymetrix Launcher. Images were processed using GeneSpring GX 10.1 (Agilent Technologies, Palo Alto, CA, USA) for visualization and normalization of each probe set to a common baseline. The untreated cells were used as baseline gene expression and data between arrays were normalized using quantile method. Then normalized data were subjected to log base 2 transformation. The probes fold change greater than 2 and P < 0.05 were defined as differentially expressed genes. Gene products of fold change greater than two were further analyzed using Gene Ontology software (www.geneontology. org) for biological processes, molecular functions, and signaling pathways.
Statistical analysis was performed by analysis of variance (ANOVA) and P value of < 0.05 to determine statistical difference between the array data of the control and treated samples. Fisher's right tail t-test was used to determine that the canonical pathway assigned to a given data set is not a product of chance alone. P value of <0.05 was considered statistically significant.
Pathway Analysis and Network Generation.
Pathway and global functional analysis were performed using Ingenuity Pathway Analysis (IPA, Ingenuity® Systems, www.ingenuity.com). A data set containing gene accession numbers and its corresponding fold change were uploaded into the software and was mapped out using the Ingenuity Pathways Knowledge Base (IPKB). IPKB analysis generated the biological functions as well as pathways from the IPA library that is most significant to the data set. Genes from the data sets associated with biological functions or with the canonical pathway with P value smaller than 0.005 were used to map out molecular networks. Resulting networks were ranked based on the scores generated from Fisher exact test to indicate the probability of the biological function and/or canonical pathway was not due to chance alone.
Reverse Transcription and Real-time PCR.
Significantly up-regulated gene expressions from microarray experiment were validated using realtime PCR. Primers used for each specific gene (Table  1) , designed based on the NCBI sequence database using Primer3 v.0.4.0. RNA, was reverse-transcribed into cDNA using Oligo dT and M-MuLV RNase in a GeneAmp PCR System 2400 following the described reaction cycles. Denaturation was performed at 25 °C for 10 min, followed by annealing and extension at 37 °C for 30 min and 85 °C for 5 min, respectively. Reverse transcription and real-time PCR (RT-PCR) were performed using DyNAmo™ SYBR® Green 2-Step qRT-PCR Kit (Finnzymes Oy, Espoo, Finland) following the manufacturer's procedure. Quantitative PCR was done with a standard curve using Rotor-Gene-3000AKAA (Corbett Research) in triplicate. The thermal cycling conditions applied were the following: holding at 95 °C for 1 min, 50-60 cycles at 95 °C for 15 sec, corresponding Tm at 30 sec, 72 °C for 30 sec and melting at 72 -95 °C for 45 sec. The results were represented by the relative expression level normalized with control cells.
RESULTS AND DISCUSSIONS
ITCs have been widely reported to exhibit different protective effects such as anti-proliferative, neuroprotective, anti-inflammatory and anticancer activities (Chaudhuri et al., 2007; Tarrozi et al., 2013; Sun et al., 2015; Chung et al., 2015) . However, microarray-based method of determining Wasabi-derived ITCs biological effects is rare. Thus, this is the first study to perform simultaneous Figure 2 suggests that the carbon chain backbone linking the ITC group and the methyl sulfinyl group may play a role in the potency of 6-MSITC and 6-MTITC as inducer of gene expression changes in the two cell lines. Both 6-MSITC and 6-MTITC have six methylene groups linking the methyl sulfur and isothiocyanate group as compared with SFN that has only four methylene groups between the methyl sulfur and isothiocyanate group. However, no direct relationship can be established on the effect of sulfur substituent attached to methyl group of Wasabi-derived ITCs. This observation seemed to be inconsistent with the published studies that change of the oxidation state of the sulfur atom attached to the methyl group from sulfide to sulfoxide enhanced the potency of alkyl ITCs (Zhang et al., 1992; Vasanthi et al., 2009 ). Yet, it should be noted that the reported studies evaluated structure-bioactivity relationship of different kinds of ITC and not the genome-wide expression effect. This is vital since this is the first report to demonstrate global gene expression of changes induced by SFN and SFN analogues and this inconsistency could be possibly attributed to the cell variation which is in accordance with the results of Trio et al., (2017) and Trio et al., (2016) . The previous studies indicated that 6-MTITC is the strongest inducer of gene expression changes in HepG2 cells while 6-MSITC is the strongest inducers in IMR-32 cells. Still, comparing the results of the two studies showed that both 6-MSITC and 6-MTITC exert protective effects via its antioxidant activity through the Nrf2 pathway. were derived from different tissues suggesting that genetic variations exist within the two cell lines. However, studies regarding the effect of genetic variation on gene expression levels across tissues remained elusive. Here, we found large discrepancies in the gene expression profiles of the two cell models following ITC treatments; thus, the effect of cell type variation was taken into account.
Influence of Cell Type Variations on Gene
As a whole, IMR-32 ITC-treated cells had higher total number of differentially altered genes than HepG2 ITC-treated cells (Figure 1) (Mazzarello, 1999) but the knowledge of cellular diversity still remains incomplete and have been subjected to continuous debate. HepG2 is a hepatoblastomaderived cell line commonly used for the study of liver metabolism and development, chemocarcinogenesis, mutagenesis and hepatotoxicity. HepG2 genetic profile revealed losses of the chromosome 4q3 region and other typical hepatoblastoma chromosomal abnormalities, which includes trisomies 2 and 20 (Lopez-Terrada et al., 2009) . In contrast, IMR-32 is of human origin and mimics large projection of neurons of the cerebral cortex. It has been generally used in studies related to the stability of the amyloid precursor protein (Lahiri, 1993 Figures 4A-B) . These genes were selected based also on the significantly regulated pathway and differentially expressed transcription factors. Detailed investigation of the significantly modulated pathway showed that the transcription factor involved is Nrf2. Nrf2 is the major controller of most of the antioxidant associated genes; thus, it is important to validate the effect of Nrf2 on its downstream genes by taking into account the expression level of these downstream genes (Itoh et al., 1997; Nguyen et al., 2000) .
GO enrichment analysis revealed that cell proliferation and inflammatory response were distinct to HepG2 in response to ITCs stimulation, while CNS specific function was unique to IMR-32 cells (Table 2) 
Figure 4. Validation of differentially expressed genes in 6-MSITC-treated (A) HepG2 cells and (B) IMR-32 cells from DNA microarray analyses by real-time PCR. DNA microarray results were compared to realtime PCR results for selected genes. Real-time PCR was performed using DyNAmo™ SYBR® Green 2-Step qRT-PCR Kit as described in "Section 2". Fold changes represented the ratio between the treated samples values to that of the untreated samples. Expression changes are depicted as fold change (y-axis). Gene symbols are shown in x-axis.
neuro-regeneration and repair, and inflammation in our central nervous system (Lemarchant et al., 2013) . With that observation, it can be inferred that genes and processes related to carcinogenesis or tumorigenesis were intrinsically active in HepG2 cell line while genes and processes associated to neuro response function were inherently functional in IMR-32 cell line (Lopez-Terrada et al., 2009; Lahiri, 1993) . Neuro-specific genes play a critical role in nervous system by controlling the blood brain barrier homeostasis (Funa and Sasahara, 2014 
Pathway Network and Global Functional Analyses by ITCs Stimulation in HepG2 and IMR-32 Cell
Lines. To fully extract the essence of huge genomic data from microarray analysis, the significantly modulated genes were subjected to pathway and global functional analyses. Using IPA, the function of cell-specific genes targeted by Japanese wasabiderived ITCs in HepG2 and IMR-32 cell lines would be understood.
The data presented herein indicate that the signaling pathway modulated in HepG2 cells following ITCs treatment is significantly different from the signal pathway modulated in IMR-32 cells ( Figure  5 ). The extent of regulation of the Nrf2-mediated oxidative stress response pathway by ITCs is higher in IMR-32 cells than HepG2 cell. This can be correlated with the higher induction of antioxidants in IMR-32 cells. Genes associated with Nrf2-mediated oxidative stress pathway were observed to have different induction levels in HepG2 and IMR-32 cells (Figures 4) . Nrf2 is the main transcription factor responsible in the regulation of Nrf2-mediated oxidative stress pathway and it is the master of transcriptional response to oxidative stress. Our results showed that Wasabi-derived ITCs promote activation of Nrf2 even at the protein level (Trio et al., 2016) . Nrf2 is widely expressed in the cells. At low level of reactive oxygen species, the nuclear Nrf2 is also present at low amount due to
Figure 5. Comparative Analyses of Significantly Modulated Pathways by ITCs in HepG2 and IMR-32 Cell Lines. (A) SFN-treated HepG2 cells; (B) 6-MSITC-treated HepG2 cells; (C) 6-MTITC-treated HepG2 cells; (D) SFN-treated IMR-32 cells (E) 6-MSITC-treated IMR-32 cells; (F) 6-MTITC-treated IMR-32 cells. Dashed line represents the threshold -log P value 0.05. Log value > 1.30 is considered statistically significant.
the inhibitory function of KEAP1 protein which sequesters Nrf2 in the cytoplasm and target it for proteosomal degradation. However, when the oxidative balance is disrupted, KEAP1 is modified and its ability to target Nrf2 degradation is impaired. Thus, nuclear Nrf2 increases and this increase drives the upregulation of cytoprotective genes ( Figure  6 ). This could also imply that the results could be associated with the cell-specific differences in ARE/ EpRE activation which plays a role in the induction of antioxidant genes (Moehlenkamp et al., 1999) . Moreover, detailed evaluation of genes that were involved in transcription activity showed that these genes are transcription cofactors associated with Nrf-2 ( Table 2 ). Although both cell types activated Nrf2 in response to ITCs (Figure 6 ), the cell lines showed differences in the significantly modulated secondary pathways. et al., 2008) . Thus, the results of this study could provide preliminary evidence about the possible neuroprotective effect of ITCs via the TR/ RXR signal transduction. This also implies that TR/ RXR signal transduction could also be a promising target for neuroprotective function and it will be interesting to know the molecular mechanism behind. Whereas in the liver, regulation of RXR plays an important role in inhibiting apoptosisinduced fragmentation together with transcriptional activities of LXR (Valledor et al., 2004) . Thus, this suggests that mechanism of VDR/RXR could be also linked to apoptosis. However, further experiments are needed to support this premise.
CONCLUSIONS
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